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ABSTRACT

Keat transfer rates to the forward surface of a h-in. diameter sphere
were uweasured at a flow of Mach S5 at ReD from 1.3 to 2.9 X 106. The sphere
surface varied in roughness in terms of stagnation-point boundary-layer thick-
nesses from smooth to 12.5 63 with the —cughness dimension charecterized by
Nikuradse's equivalent sand roughness dimension. For the smooth wall, the
boundary layer remsined leminar over the ReD range. Transition was obtained
by the addition of roughness equal to ¢ ., however, the resulting turbulent
heating was lower than that predicted byva,n exact solution of the smooth-wall
boundary-layer equations. When the roughness wes changed to 2 to 3 6g> the
meek heating reflected the predictions more closely.

In compsrison with essentially steady wind-tunnel messurements at
equivelent flow conditions, the present work yielded generally lower heau
trancfer rates for similar roughness dimensions. It is proposed theot the
different cheracter of the roughness as well as its magnitude could influence
the measured heat-transfer rates.
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NOMENCLATURE

D model diameter

d roughness beed dimension

H total enthalpy

X Hikuradse's equivalent sand roughness
k thermeal conductivity

Nu WNusselt number = [9/(He - Hw)] cpx/p
Per  Prandtl number = cop /X

q heat-trensfer rece to the model wall
Rey PP/

Re, p.uXx/u

X distance along model from stagnation point
) boundary-layer thickness

p density

M viscosity

6  angular distance from stagnation point
Subscripts

o free-stream conditions

e edge condition

w wall conditions

£ stagnation-point conditions

1ls calculated laminar stegnation-point conditions
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I. INTRODUCTION

Surface roughness effects have been shown to be important in predicting
heat transfer rates to bodies in high-Reynolds-number fiows (Ref. 1). This
roughness at high Reynolds numbers produces large increases in surface heat
flux compared with smooth surfaces (Refs. 1 through 3). This increase in surface
heet flux has recently become of interest in the prediction of eblstion rates
and shape changes of high-speed reentry vehicle nose tips (Ref. 3).

Much work has been done in this area for laminar boundary-lsyer flow,
where it is well known that maximum heat flux occurs at the stagnation point
of & sphere. Iess informetion is available for the case of turbulent boundary
layers. where at sufficiently high Reynolds numbers, the hzat flux is expected
to be maximum near the sonic point (Ref. 4). This report presents heat-transfer
measucements made on the forward surface of a U-in. diameter sphere with the
wall roughness size ranging from zero to one order of magnitude greater than
the stagnation-point boundary-layer thickness. It was expected that these
measurenents would provide a guide for predicting the heating effects of rough-
ness on blunt-nose reentry shapes.

The messurements were made in & shock-tunnel facility at Mach 5 with
the unit Reymolds number varying from 2.7 to 9 X 106 et™L. The results are
compared with the existing predictions of Kingl and Beckwith and Gallegher
(Ref. 4) and also with some recently available measurements from Avco (Ref. 5).

Differences in the results are discussed.

Lu. s. King, The Aerospace Corporation, private communication (2970).
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II. MODEL AND INSTRUMENTATION

Because of the short test time and relatively low heat rates expected
in the test facility, thin platinum-filwm resistance thermocmeters were chosen
as the heat sensing gages. These are mounted on insulating surfaces ard
sense the change in temperature with essentially no lag because their thermal
cepacity is small) cowpared to the surface on which they are mcunted. By use
of analog networks (Ref. 6), temperature change is converted to heat-transfer
rate at the model surface.

The most satisfactory measvrements were cobtained on models made from
the bottom half of 4-in. diameter bociling flasks. The thin platinum films
were mounted directly on the surface of these hemispheres at 5-deg intervals
Srom the stagnation point to 60 deg. Hanovia liquid bright platinum paint was
used to make the film as detailed by Vidal (Ref. 7). Holes were drilled through
the wall <f the glass hemisphere to provide passsge for electrical leads. After
the gages were installed and the leads connected, an aluminum adapter ring was
cemented to the inside rim ot the glass model and the interior of the model
was filled with epoxy. Thus, a strong, solid sphere was formed (Fig. 1) that
vas capable cf wichstanding more than 10 atm stegnation pressure that was
applied during the tests.

Walls were roughened by the application of tiny, smooth glass spheres
cemented to the surface in a close-packed arrangement. Spheres were used
making it possible to characterire the surface roughness according to Nikuradse's
equivalent sand roughness criterion K (Ref. 8). A smooth wall and three degrees
of roughness that were 1, 3, and 12 times the stagnation-point boundesry-layer
thickness 65 were used. The roughness bead dimension 4 with K are shown in

Table I along with the siasgnation-peint boundary-lsyer thickness ratic K/ﬁs.
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Teble T, Wall Roughness Used in Tests

Wall 4, X, /5 55
in. in. in.
3 Smooth 0.0005 0.0003 0.1
¥
F Rough Q.00k 0.0025 0.9 - 1.25
0.010 0.0053 2,3 - 3.1
0.040 0.025 9.0 - 12.5

The beads were mogt successfully applied with thinned glyptol enemel.
¥hen the enemel became tacky, the model was thrust intc a container of the
beads, Caveful checking was required to make sure that only a singie layer
of beads covered the mcdel and that no large gaps existed. In Fig. 2, & close-
up of the roughness model surface for 0.00k-in. dismeter besds is shcwn.
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IIX. FACILITY

The tests were conductec in The Aerospace Corporation high-Reymolds-
number shock tunmel., This facility hes a 6 3/8-in.diameter driven section
and is 25 4 long. The driver is 3 in. in diameter and 10 ft long. A 2-in.
diameter throst at the end of the shock tube and & 12-in. diameter test section
provided flow at Mach S at the exit of the conical nozzle.

With a maximum driver pressure of gbout 4500 psig available, the highest
practical unit Reymolds numher was 9 X losft'l. A ariver ges of 907% helium

and 10% Argon (to provide iailored interfsce conditions and long constent
reservoir conditions) driving air at an initial pressure of 3.04 atm was used

to obtein this value., The shock Mach number was 2.16, and the reflected shock
pressure that served ac the reservoir pressure was about Sk atm at & temperature
of 900%K. Testing time was 4 msec.
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IV, R¥EsULTS

Before the recults are presented; & comment about what the heast gages
messure for this type of mounting is required. The thin-film resistance
thermcmeters &re mounted on the model befcre the glass beeds are appiied. Hence,
after the beads are applied, the thermometer was sitting on the bottom of a
notch equal in depth to the dismeter of the beads and about 0.0k in. wide,
Therefore, the heat measured should te characteristic of that on the vottom in
the center of an open cavity of depth d and length L. The thermometer was
about 0.010-in. wide snd hence occupied & region of the bottom of from X/L =
0.38 to 0.62. According to measurements by Emery, et al. (Ref. 9), ina
turbulent bourdary layer flow, for L/d = 2, the smallest notch width they
studied; the heat transfer in the middle of the notch was 0.53 times that for-
ward of the noich. For L/& = 4, the ratio is 0.65. Hence, the heat rates
measured for the 0.0k-in. bead model should be multiplied by 1/0.53 and for
the 0.01 in. bead model by 1/0.65. For the 0.00k-in. bead model, the boundary
layer off the stagnation point was thick in comparison to the notch depth, and
the correcticn factor was neglected. With dsta treasted in this wsy, the heat-
transfer rate normalized with respect to the calculated laminar stagnstion
point heat transfer was plotted as a function of angular position from the
stagnation point. These data ere shown in Figs. 3, 4, 5, and 6 for smooth
walls and three roughnesses and for Reynolds numbers based on free-stream con-
ditions and the sphere diameter P.eD fron 1.3 to 2.9 X 106. The data were
normalized with respect to the laminar stegnation point heat transfer calculated

from 1 /2
5 L ke 3.2 X 105 pog
1.5 - PT pc'rle D (O' T)
2

where ¢ = pw”w/;pe“e ané D is in feet. Also included in the figures are the
predictions for laminar and turbulent heat-transfer obtained by Kingl from an
exsct numerical integration of the time-dependent boundary-layer equations.
For the turbulent prediction, a mixing viscosity model with the elgqy in the
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length direction was used. For comparison, the predictions from a local tur-
bulent flat-plate method devised by Beckwith (Ref. 4) are also presented. The
local turbulent flat-plate prediction is based on Falkner's skin-friction equa-
tion, the Reynolds' analogy, snd the leminar heat-transfer coefficient at the
stagnation point from Reshotko and Cohen (Ref. 10). If it is assumed that the

wall temperature remains constant, this relation is

- - 1\ € - 5/1k
& gt e M) (2 Be) YR (B S)EIT T (ff@?)/l
95 \/Rew Uy X \PS u D M

Nu/,/ Re,  is evalusted from Ref. 10 for T H/Ts = 0.33. A Pr of 0.76 is used
and the velocity gradient st the stagnation point is computed from

1/2
g [2en) ]
dx ~ R 52

No account of surface roughress ig taken in either prediction.

From the smooth~wall measurements, it is seen that transiticn apparently
does not occur at the ReD obtainsble.

For the small-scale roughness, trausition occurs for all ReD. Maxtimum
heat transfer reaches nearly the same value for all ReD at from 30 to 4O deg
on the body. As Rey is increased from 1.3 to 1.4 to 2.7 X loé,transition be-
gins at 20, 15, and then 10 deg on the body.
- For roughness produced by 0.0l -in. snd 0.0%-in. beads, transition
3 occurs between O and 10 deg and peak heating at 35 and 30 deg, respsctively.

The stesgnation-point heat transfer was not always aviilsble because the thermo-

Wi am i

E ter is at the most vulnerable position on te body and experienced a high
casualty rate, probably from diaphragm particles.

“rom these measurements, it can be concluded that the Reynolds number
: is not high enough Tor natural transition for smooth walls, but a3 the wall
becomes rough, transition occurs. For the smsll scsle roughness, the measured
3 heat transfer is lower than that predicted by both the local turbulent flat-
E plate method and the exact solution and fells increasingly below the predictions
as 6 increases beyond L0 deg. This decresse occurs beceuse the transition did

-1k




not occur naturelly buh was triggered by the rough surface. As the bcundary
layer increases in thickness with 6, the surface roughness becomes less
significant in determining the heating rate.

For the 0.0l-diameter bead roughnesses, the stagnation-point heating
with no notch correction was reasonably well predicted by laminer theory. This
is in contrast to the measurements of Strass and Tynen (Ref. 11), who measured
stagnation-point heating of a small, flat disk in a heated jet. Their measured
heat transfer increased bteyond laminar theory as the size of the roughness
increased. Since the calorimeter they used measured the average healing of
the rough stagnation point disk, they reasoned that some of the disk protruded
veyond the boundary layer into the hot gas at the edge of the boundsry layer
and thus reflected higher heating rates. In the present tests the heating is
messured at the surface at the base of the protuberances and should
reflect the laminar prediction.

The peak heating measured for the 0.0l1- and 0.0k-in. bead roughnesses
is just slightly higher than beth predictions. However, the data are best
correlated by the exact solutions except at the maximum angular position.

Since these tests began, new heating data have been obtained by
DiChristina (Ref. 5) on & T-in. diameter spheie with roughness somewhat
similar in scale but different in character from those used in this study.

The measurements were made at the U. S. Naval Ordnance Laboratory Mach 5 bl
down wind tunnel at an ReD range that jncluded ani extended beyond the presec..
work. Hence, natural transition could be obiained. The wall-temperature ratio
Tw/Ts was O.bh,

These data {Figs. 7, 8, and 9) show that transition occurrewu at a
lower ReD for the smooth wall than ihat indicated by the resulis of ihe prec<ent
study. For the small scale roughness, the peak heating obtained was nearly
the same in size and shape as that obtained for the 0.0Cl-in. diameter rough-
ness at similar ReD.

In the large-scale protuberance model, the heating was 30 percent
greater at the peak than in *the present work. This may be accounted for by

the shape of the protuberances. They were rectanqular projections as teall as

-15-
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they were wide and separated by the same width. The equivalent sand roughness
can be several timec the maximum dimension {0.025 in.) of the protuberance
for this shape.

At the stagnation point, the heating was grester than the laminar

prediction for the large-scale protuberance. Since siug calorimeters were

used to make this messurement as in Ref. 1, the same explanation of the difference
nay apply, i. e., the protuberances projected out into the freze stream and

reflect greater heating than would be predicted at the wall at the base of the
boundary layer.

P R

L2} e ol
(PeSR N lh v

LIRS Y W PR

TR

Ay
AR

MO 33

-19-

Hid i




i

FIIHT

Lk

Gl Gl sl

V. SUMMARY

Heat transfer rates to the forward surface of & 4-in. diameter sphere
were measured at a flow of Mach 5 at ReD from 1.2 to 2.9 X 106. The sphere
surface varied in roughness in terms of stagnation-point boundary-layer thick-
ness 65 from smooth tc 12.5 § s with the roughness dimension characterized by
Nikuradse's equivalent sand roughness dimension. For the smooth wall, the
boundary layer remained laminar over the ReD range. Transition was obtained
by the addition of roughness equal to 68; however, the resulting turbulent
hesting was lower than that predicted by an exact solution of the boundary-
layer equations. When the roughness was chenged to 2 to 3 68, the peak heating
reflected the predictions more closely.

In comparison with the essentially steady wind-tunnel measurements of
Ref. 11 at equivalent flow conditions, tne present work yielded generally lower
heat-transfer rates for zimilar roughness dimensions. It is proposed that the
different character of the roughness as well as its magnitude could influence
the measured heat-transfer rates.
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Heat transfer rstes to the forward surface of a li-in. diameter sphere were measured
at a flow of Mach 5 at ReD from 1.3 to 2.9 X 106. The sphere surfece vearied in
roughuess in terms of stagnation-point boundary-layer thicknesses from smooth tc
12.5 6g with the roughness dimension cnaracterized by Nikuradse's eguivalent sand
roughness dimension. For the smooth well, the boundary layer remesined leminar over
the Rep range. Transition was obtained by the addition of roughness equal to 6g;
however, the resulting turbulent heating was lower than that predicted by an exact
solution of the smcoth-wall boundary-layer equations. When the roughness was
changed to 2 to 3 &4, the peak heating reflected the predicticns more closely.

In comparison with essentially steady wind-tunnel measurements at equivalent flow
conditions, the present work yielded generally lower heei-transfer rates for
similer roughness dimensions. It is proposed that the different character of the
roughness as well as its magnitude could influence the measured heat-transfer rates
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